Children born preterm are at risk for deficits in language and reading. They are also at risk for injury to the white matter of the brain. The goal of this study was to determine whether performance in language and reading skills would be associated with white matter properties in children born preterm and full-term. Children born before 36 weeks gestation (n ¼ 23, mean 7SD age 12.5 7 2.0 years, gestational age 28.7 7 2.5 weeks, birth weight 1184 7 431 g) and controls born after 37 weeks gestation (n ¼19, 13.1 7 2.1 years, 39.3 7 1.0 weeks, 3178 7 413 g) underwent a battery of language and reading tests. Diffusion Tensor Imaging (DTI) scans were processed using Tract-Based Spatial Statistics to generate a core white matter skeleton that was anatomically comparable across participants. Fractional anisotropy (FA) was the diffusion property used in analyses. In the full-term group, no regions of the whole FA-skeleton were associated with language and reading. In the preterm group, regions of the FA-skeleton were significantly associated with verbal IQ, linguistic processing speed, syntactic comprehension, and decoding. Combined, the regions formed a composite map of 22 clusters on 15 tracts in both hemispheres and in the ventral and dorsal streams. ROI analyses in the preterm group found that several of these regions also showed positive associations with receptive vocabulary, verbal memory, and reading comprehension. Some of the same regions showed weak negative correlations within the full-term group. Exploratory multiple regression in the preterm group found that specific white matter pathways were related to different aspects of language processing and reading, accounting for 27-44% of the variance. The findings suggest that higher performance in language and reading in a group of preterm but not full-term children is associated with higher fractional anisotropy of a bilateral and distributed white matter network.
). In addition, in comparison to full term peers, children born preterm have poorer scores on tests of reading (Anderson et al., 2003; Andrews et al., 2010; Hack et al., 1994; O'Callaghan et al., 1996) and slower reading speed (Guarini et al., 2009) . Recent meta-analyses find that differences between preterm and full-term children range from .38 to .77 standard deviations (Barre, Morgan, Doyle, & Anderson, 2011) , persist after controlling for socioeconomic status, and increase between ages 3 and 12 years (van Noort-van der Spek, Franken, & Weisglas-Kuperus, 2012) .
The overall goal of the current study was to determine whether performance on assessments of language and reading would be associated with properties of white matter as measured by Diffusion Tensor Imaging (DTI) in a sample of older children and adolescents born preterm and full-term. Children born preterm are at risk for injury to the white matter of the brain (Back, Riddle, & McClure, 2007; Volpe, 2009 ). Using modern neuroimaging techniques, properties of white matter in children born preterm have been associated with neurodevelopmental outcomes (Ment, Hirtz, & Huppi, 2009 ). Using DTI, recent studies have found that in both adults and typically developing children, specific white matter connections are associated with language (Friederici & Friederici, 2009 ) and reading abilities (Ben-Shachar, . Below we will first review the literature on white matter in the preterm population and then turn to findings and theories of white matter characteristics in relation to language and reading skills in full-term individuals. From this literature review, we will formulate specific hypotheses for the analyses in this study.
White matter characteristics after preterm birth
Adverse outcomes in children born prematurely, particularly those born between 24 and 32 weeks gestation, have been attributed to injury to the cerebral white matter and associated neuronal and axonal abnormalities (Back et al., 2007; Fletcher, Bohan, Brandt, & al, 1992; Kinney, 2006; Luciana, 2003; Nagy et al., 2003; Soria-Pastor et al., 2008; Vangberg et al., 2006; Volpe, 2009; Yung et al., 2007) . The explanation for the injury is that in the early third trimester of pregnancy, white matter is populated by precursors of the oligodendrocytes, the cells that in their subsequent maturity produce myelin. These precursors are especially vulnerable to hypoxia, ischemia, and inflammation, complications of preterm birth (Peterson, 2003) . Injury to the precursors appears to cause irreparable damage to the oligodendrocyte cell line and ultimately to the amount or to health of white matter tracts.
Until the modern era, white matter injuries after prematurity were only identified on post-mortem histology and consisted of large or multiple cysts in periventricular regions. With the advent of magnetic resonance imaging (MRI), the injuries could be detected in vivo. Improvements in neonatal care have reduced the prevalence of cystic injuries (Volpe, 2009) . Nonetheless, subtle indices of non-cystic injury are still very common. Conventional MRI scans show qualitative structural abnormalities in white matter, including thinning of the corpus callosum (Maalouf et al., 1999) and diffuse regions of high signal echodensity (Maalouf et al., 2001) .
DTI is a relatively new MRI technique that enables quantitative analysis of the white matter of the brain. DTI capitalizes on the differential patterns of water diffusion in different brain compartments: isotropic diffusion (equal in all directions) occurs in cerebral spinal fluid and cell bodies and anisotropic diffusion (greater in one direction than the other directions) occurs in axons sheathed in myelin. Fractional anisotropy (FA) is a DTI measure that reflects the directional coherence of axons. High FA values (closer to 1) indicate greater directionality and coherence, dense axonal packing, and large diameter axons. Elevated FA has been associated with maturity (Asato, Terwilliger, Woo, & Luna, 2010; Paus et al., 2001; Schmithorst, Wilke, Dardzinski, & Holland, 2002) . Reduced FA values have been found in clinical conditions, such as multiple sclerosis as evidence of injury (Ge et al., 2004) . However, the interpretation of FA is not straightforward. Elevated FA has been found among individuals in clinical populations which impaired connectivity was assumed, including Williams syndrome (Arlinghaus, Thornton-Wells, Dykens, & Anderson, 2011; and in Attention-Deficit/Hyperactivity disorder (Davenport, Karatekin, White, & Lim, 2010) .
Compared to controls, children born preterm have been found to have relatively low FA in many different brain regions, including the corpus callosum, superior longitudinal fasciculus, and inferior frontal-occipital fasciculus. The reduction in FA can be documented through adolescence (Mullen et al., 2011; Nagy et al., 2003; Vangberg et al., 2006) and into adulthood (Kontis et al., 2009 ). However, not all studies of preterm and full-term participants find group differences in FA Counsell et al., 2006; Feldman et al., 2012; . In the sample we are reporting on here, we found that FA was not lower in the preterm than full-term group.
Even in the absence of cystic white matter lesions, measures of white matter, such as FA, have been shown to correlate with neurodevelopmental outcomes in children born preterm, including motor skills (Adams et al., 2010; Berman et al., 2005) , attention (Nagy et al., 2003; Skranes et al., 2007) , and executive function (Frye et al., 2009; Skranes et al., 2009 ). The present study examines language and reading skills in relation to white matter characteristics in a sample of children and adolescents born preterm compared to children born at term.
1.1.1. Associations of language skills after prematurity and white matter characteristics Studies of language in children born preterm have documented associations between measures of language performance and properties of white matter. A qualitative clinical measure of the extent of white matter injury on MRI scans that were obtained near term age (Woodward, Anderson, Austin, Howard, & Inder, 2006) was associated with language outcomes at age 4 years (FosterCohen et al., 2010) . Correlations between right temporal white matter volume and verbal memory skills were found in a combined sample of preterm and full-term children at age 12 years (Fraello et al., 2011) . Positive correlations between verbal IQ and verbal fluency scores and two measures of the corpus callosum-midsagittal size and mid-posterier surface area-were found in a sample of 15-year olds born preterm and full-term, but only among the males (Nosarti et al., 2004) . Conversely, in another study, the size of the corpus callosum was associated with performance IQ and memory but not with verbal IQ or other language measures (Caldu et al., 2006) .
Associations have also been found between language measures and white matter characteristics using DTI. Verbal IQ and vocabulary were associated with FA values within the left and right anterior uncinate fasciculus in preterm children at age 12 (Constable et al., 2008) . In another study, compared to full-term participants, preterm subjects had lower fractional anisotropy (FA) values in multiple regions including bilateral uncinate fasciculi, bilateral external capsules, the splenium of the corpus callosum, and white matter serving the inferior frontal gyrus bilaterally (Mullen et al., 2011) . FA values in both the left and right uncinate fasciculi correlated with receptive vocabulary scores.
Associations of reading skills after prematurity and white matter characteristics
Reading abilities in children born preterm have also been associated with measures from DTI. In a group of preterm and full-term children and adolescents 9-16 years of age, performance on single word reading was significantly correlated with FA in the genu and body of the corpus callosum, and performance on reading comprehension was associated bilaterally with the temporal-parietal junction and the corpus callosum (Andrews et al., 2010) . In a group of 15-year old preterm and full-term adolescents, FA and volume of the left superior longitudinal fasciculus were associated with letter-word identification and phoneme reversal . Another study of 16-year olds found that FA values in the left and right arcuate fasciculi correlated with a phonological task in the preterm subjects only (Mullen et al., 2011) . Based on the findings of bilateral dorsal correlations for the preterm group, the authors of that paper concluded that prematurely-born subjects rely more heavily on the right hemisphere than do typically developing full-term peers in performing phonological language or reading tasks (Mullen et al., 2011) . A similar alteration in the expected laterality of spelling functions was also found in an adolescent preterm sample (Scott et al., 2011) . Consistent with the structural findings of altered connectivity, Gozzo and colleagues (2009) reported that functional connectivity in the language network was abnormal in a sample of children born preterm with low language skills; they had stronger connections between Wernicke's area and the right inferior frontal gyrus, and between bilateral superior marginal gyri than did the full-term controls.
Associations of language and white matter properties in fullterm healthy children
Much of what we know about the neural basis of language and reading in the typically developing child stems from functional activation studies of gray matter regions during relevant tasks. Such studies generally find bilateral activation during auditory language processing and left hemisphere activation for expressive language and reading (Cabeza & Nyberg, 2000) . Increasingly, interest has focused on the neural systems or circuits that link the different cortical areas activated during language tasks, particularly in the left hemisphere. White matter fascicles comprise these circuits.
Two systems have been proposed for the language network (Hickok & Poeppel, 2004) . The ventral stream projects from auditory cortex in a ventral and lateral direction, projecting into the cortex of the temporal lobe. The ventral stream is generally conceptualized to allow linkage of speech sound information with conceptual knowledge. White matter tracts that could carry signals along the ventral stream include the inferior frontooccipital, inferior longitudinal, and uncinate fasciculi. The inferior fronto-occipital fasiculus actually begins in the occipital lobe and courses to the frontal lobe, allowing visual information to integrate with speech sound information and conceptual knowledge. The dorsal stream projects from posterior superior temporal lobe or the temporal-parietal junction in the dorsal direction, initially posteriorly toward the parietal lobe and ultimately anteriorly to the frontal lobes. The nature of processing along this stream is conceptualized variably, but may link auditory representations of speech to motor representations (Hickok & Poeppel, 2004 (Brauer, Anwander, & Friederici, 2011) correlated functional MRI (fMRI) with DTI tractography results. In adults, they found functional activation in the pars opercularis of Broca's area that corresponded to the termination of the arcuate and superior longitudinal fasciculi. In children, they found functional activation in the pars opercularis and pars triangularis, beyond the termination of the arcuate and superior longitudinal fasciculi. Based on this wide area of activation, the authors inferred that connections from the temporal to frontal lobes in children also travel along the ventral pathway. These findings suggest that in full-term children and adolescents, measures of language ability may correlate with measures of both the dorsal and ventral pathways, particularly in the left hemisphere.
Associations of reading skills and white matter in full-term individuals
Klingberg and colleagues compared DTI scans of adults who were good and poor readers and detected bilateral differences in the white matter of a region at the temporal-parietal junction (Klingberg et al., 2000) . Similar findings have since been replicated in children; lower FA in this region of the left hemisphere is associated with lower reading and rapid naming scores Deutsch et al., 2005) . Though initially the regions were assumed to be on the arcuate fasciculus, some studies found the fibers in that area to be oriented in the inferiorsuperior direction, suggesting that the associated tracts may be part of the corona radiata (Niogi & McCandliss, 2006 Odegard, Farris, Ring, McColl, & Black, 2009 ). Interestingly, a recent DTI study of children 7-11 years of age using sophisticated analytic methods found that measurements of diffusivity in the left arcuate were negatively correlated with phonological awareness (Yeatman et al., 2011) . In addition, FA in the right hemisphere has been associated with reading; decoding and single word reading were associated with right inferior fronto-occipital and inferior longitudinal fasciculus as well as the right posterior limb of the internal capsule and right superior (Odegard, 2009) . FA in the right superior longitudinal fasciculus, including arcuate fasciculus, significantly predicted future reading gains in adolescents with poor reading skills (Hoeft et al., 2011) .
Associations of phonological awareness and properties of the temporal connections of the corpus callosum have also been found. In this case, the FA of good readers has been consistently lower than that of the poor readers Frye et al., 2008; Odegard et al., 2009) . Various interpretations of this finding is that good readers may have fewer but larger axons connecting the temporal lobes, their axon membranes may be more permeable than the membranes of poor readers, or good readers may use the bilateral connections less actively than do poor readers.
Laterality of white matter tracts
Language and reading abilities are lateralized in terms of function and also in terms of gray matter structure. Recent studies have also demonstrated laterality of white matter. In adults, significant rightward asymmetry in parallel diffusion was found in the parietal and frontal lobes and significant leftward asymmetry in the temporal and occipital lobes (Iwabuchi et al., 2011) . In children, lateralization of white matter tracts, including the arcuate fasciculus, begins early in life (Bonekamp et al., 2007; Dubois et al., 2009; Iwabuchi et al., 2011) . Left lateralization of white matter properties has been found to be weakly associated with receptive vocabulary and with phonological processing; left lateralization was associated with higher performance (Lebel & Beaulieu, 2009 ).
Hypotheses and study contributions
Based on this review of the literature, we anticipated that in this sample of preterm and full-term children and adolescents, we would find a widely distributed white matter network associated with clinical measures of language. In the preterm group, we specifically hypothesized we would find positive associations between measures of verbal IQ (Constable et al., 2008) , verbal memory (Fraello et al., 2011) , and receptive vocabulary (Constable et al., 2008; Mullen et al., 2011) and white matter properties in the ventral pathways of both hemispheres. In addition, we hypothesized that we would find similar associations between white matter and other language measures, such as syntactic comprehension and linguistic processing speed, functions not previously assessed in relation to DTI. By contrast, in the full-term group, we hypothesized that we would find that these language measures, especially syntactic comprehension, would be associated with dorsal and ventral tracts of the left hemisphere (Brauer et al., 2011) .
We further anticipated that in this sample of preterm and fullterm children and adolescents, we would find positive associations between measures of single word reading and FA in multiple areas of white matter. Based on the findings in preterm participants, in the preterm group, we hypothesized that we would find associations between single word reading and white matter properties in the dorsal pathways of the left (Richard E. and right hemisphere (Mullen et al., 2011) and the corpus callosum (Andrews et al., 2010) . By contrast, in the full-term group, we hypothesized that we would find single word reading to be positively associated with left hemisphere dorsal tracts and negatively associated with regions of the corpus callosum Odegard et al., 2009 ). We anticipated a broadly distributed network associated with reading comprehension, another function not previously explored in relation to DTI. Finally, we assessed the degree of white matter laterality to assess whether group differences in brainbehavior associations could be due attributed to differences in laterality in the preterm and full-term groups.
This study contributes to the previous literature in several ways. First, we used a large battery of measures in order to assess different subdomains of both language and reading in relation to white matter (Lee et al., 2011b) . The use of multiple measures allowed us to determine whether specific areas on specific tracts were associated with a single outcome or with multiple outcomes. Second, we used a different but established method to analyze white matter from DTI.
Tract-based spatial statistics identifies the core of white matter tracts throughout the brain. Its advantage is that it creates a core white matter skeleton that is anatomically equivalent across participants; it thereby minimizes differences across groups based on the differences in the ratio of gray and white matter within tracts that can arise in other whole-brain analysis methods. It also sets a high threshold for significance because it looks for associations throughout the white matter skeleton and corrects for multiple comparisons. Third, when multiple tracts were associated with an outcome measure, we conducted a regression analysis that allowed us to determine whether the different tracts each made an independent contribution to the outcome of interest. Finally, we considered whether structural laterality differences in the white matter between the preterm and full-term groups could explain any differences in the associations of language or reading and FA.
Methods

Participants
Participants were 9-16 years old and enrolled in the Palo Alto CA site of a larger multi-site study of prematurity outcomes (N¼ 100) (Lee et al., 2011b; Loe, Lee, Luna, & Feldman, 2011; . This study reports on participants who underwent MRI scanning at Stanford University. The Stanford University institutional review board approved this study. A parent provided informed consent; participants provided assent.
Preterm subjects were born ato36 weeks gestation with birth weighto2500 g. Controls were bornZ37 weeks. Exclusion criteria for all participants included seizure disorder; hydrocephalus; receptive vocabulary scoreo70; sensorineural hearing loss; and non-English speaker. Controls were excluded for identified language, learning, or psychiatric disorders on a screening interview because these conditions have been associated with abnormalities on brain imaging (Casey, Nigg, & Durston, 2007; Freitas-Ferrari et al., 2010; . Three preterm subjects were excluded from analysis because of extremely enlarged ventricles that interfered with the analysis of white matter tracts.
Demographic data for 23 preterm and 19 control subjects in the sample are presented in Table 1 . Age (preterm mean¼ 12.5 years, S.D.¼2.0; full-term mean¼13.1 years, S.D.¼2.1) and gender (preterm % males 47.8, full-term % males 42.1) were not statistically different. Maternal education, the index for socioeconomic status (SES), was dichotomized: ''low'' was defined as less than a college degree and ''high'' as at least a college degree. The preterm and full-term groups did not differ significantly in level of maternal education. By design there was a group difference in gestational age, po.001, and birth weight, po.001. One control and two preterms were left-handed, and two controls and two preterms were ambidextrous. Medical complications at birth in the preterm group were: 4 with abnormal findings on head ultrasounds or MRIs (Zgrade 2 intraventricular hemorrhage, echodensities, or cystic lesions), two with mildly abnormal findings (grade 1 hemorrhage or choroid plexus cyst); 13 had respiratory distress syndrome, five developed bronchopulmonary dysplasia (BPD) or chronic lung disease; none had necrotizing enterocolitis; and two were small for gestational age (r3rd percentile birth weight for gestational age).
Of the 23 preterm subjects, 9 had mildly abnormal findings on T1 images, including mildly enlarged ventricles (n ¼8), minimal to mild ventricular asymmetry (n ¼8, of whom 6 had a larger left ventricle), irregular ventricular margins (n¼ 4), signs of cerebellar abnormality (n ¼2), cavum septum vergae (n¼ 2), and a thin corpus callosum (n ¼1). Of the 19 control subjects, two had minimal ventricular asymmetry (one had a larger left ventricle, and the other had a larger right ventricle), and one of these two had mildly enlarged ventricles.
Behavioral measures
Subjects underwent two testing sessions to assess language and reading skills. Assessments and standard scores were based on birth date.
Verbal IQ
The Wechsler Abbreviated Scale of Intelligence (WASI) is a widely used, nationally standardized test of general intellectual ability (Horn, 1995; Kaufman, 1994; Wechsler, 1999; Richard W. Woodcock, 1990) . We used the Verbal IQ, which is composed of Vocabulary and Similarities subtests and assesses verbal intelligence. Reliability coefficients on the test range from .90 to .98 for Vocabulary, .84 to .96 for Similarities. The reliability coefficients for the scale scores range from .92 to .98 for Verbal IQ. The four-subtest version of the WASI correlates highly (.92) with full-scale IQ tests.
Receptive and expressive language skills
The Comprehensive Evaluation of Language FundamentalsFourth Edition (CELF-4) is a norm-referenced test for the identification, diagnosis, and follow-up evaluation of language and communication disorders in students 5-21 years old (Semel, Wiig, & Secord, 2003) . The Receptive Language Index (RLI) and Expressive Language Index (ELI) from the CELF-4 were generated. The RLI is a measure of listening and auditory comprehension. For ages 9-12 years, the RLI is composed of Word Classes 2-Receptive and Concepts and Following Directions; for ages 13-21 years, the RLI is composed of Word Classes 2-Receptive, Semantic Relationships, and Understanding Spoken Paragraphs. For all age groups, the ELI is a measure of language production and is composed of Word Classes 2-Expressive, Formulated Sentences, and Recalling Sentences. The stability coefficients range from .71 to .86 for subtests and .88 to .92 for the composite scores. The test has high sensitivity and specificity in detecting language disorders.
Receptive vocabulary
Peabody Picture Vocabulary Test-Third Edition (PPVT-III) is a widely used test of receptive vocabulary that generates a standard score (Dunn & Dunn, 1997) . Each item consists of four black-andwhite drawings on a page. Subjects are asked to identify which of the four illustrations best represents the stimulus word presented orally by the examiner. Reliability varies by age group, falls between .92 and .98 and has strongly positive correlations with tests of verbal intelligence.
Syntactic comprehension
Two tests of on-line sentence comprehension were combined to generate a score for syntactic comprehension. First, the Test for Reception of Grammar-Version Two (TROG-2) is a computerized measure that assesses syntactic comprehension by presenting sentences in the auditory mode and using a four picture multiple choice format with lexical and grammatical foils (Bishop, 2003) . We chose this test because it is a pure measure of syntax, and it generates both an error score and a processing speed. The vocabulary is simple and familiar to school-aged children. Subjects can press a button to hear the sentence as many times as necessary. The test, consisting of 80 items, organized into 20 four-sentence blocks of increasing syntactic difficulty, is designed to tap grammatical skills of school-aged children and adolescents. The error score is the total number of errors out of 80 items. Standardization of the paper form of the test was carried out in Britain; split half reliability was .77 for children age 7-8 years old. Second, we also created sentence-picture verification tasks that consist of the oral presentation of the same sentences from the TROG-2 followed by the presentation of a single colored picture. The vocabulary is very simple so that the emphasis is on the interpretation of syntax. Subjects decide whether the picture matches the sentence by pressing a yes or no button. We used both measures to increase the variance in syntactic comprehension. Because syntactic comprehension errors correlated with age, an age-adjusted z-score was calculated for each subject. In pilot testing, we found that the accuracy and reaction time on the sentence verification tests were highly associated with age and with group as indicators of validity.
Linguistic processing speed
The TROG-2 results were used for this measure. The reaction time for each item is the time it took for subjects to respond to the sentence by selecting the matching picture. The mean reaction time was calculated from correct trials only. We also excluded trials in which the subject repeated the sentence presentation in order to eliminate from analysis distractions and re-checked responses of very high-functioning children.
Verbal memory
The Language Memory Index (LMI) from the CELF-4 provides a measure of the ability to apply working memory to linguistic content and structure. It is composed of the following subtests: Formulated Sentences, Recalling Sentences, as well as Concepts and Following Directions for ages 9-12 and Semantic Relationships for ages 13-21.
Single word reading or decoding
The Woodcock-Johnson III Tests of Achievement (WJ-III) assesses reading abilities (Woodcock, McGrew, & Mather, 2001 ). The Basic Reading Skills Cluster assesses decoding skills, the ability to translate written letters into speech sounds and recognize written words, and is a composite score of two subtests: Letter-Word Identification (single word reading) and Word Attack (pseudoword reading). Reliability of Letter-Word Identification is .94 and Word Attack is .87. The cluster score has higher reliability than the subtest scores.
Reading comprehension:
The WJ-III Passage Comprehension subtest (Woodcock et al., 2001 ) assesses reading comprehension skills. Reliability of Passage Comprehension is .88.
MRI protocol
MRI data were acquired on a 3T Signa Excite (GE Medical Systems, Milwaukee, WI) at Stanford University. Two high resolution IR-prep 3D FSPGR scans (FOV¼24 Â 18 cm, matrix size¼ 260 Â 192, .9 mm slices, TI ¼300 ms, flip angle¼151, 1 NEX) and one IR-prep 3D FSPGR scan (FOV¼24 Â 15.6 cm, matrix size¼ 256 Â 192, 1.2 mm slices, TI ¼300 ms, flip angle¼151, 1 NEX) were collected. The three T1 images were averaged. They were coregistered based on a mutual information algorithm (SPM5, http://www.fil.ion.ucl.ac.uk/spm/). A trained experimenter manually identified the anterior and posterior commissures and midsagittal plane, and these points were used to put the image in a canonical orientation.
For DTI, a diffusion-weighted, single-shot, spin-echo, echo-planar imaging sequence (TE¼80 ms, TR¼6500 ms, FOV¼240 mm, matrix size¼128 Â 128) was used to acquire 60 slices, 2 mm thick, in 30 different diffusion directions (b¼900). The sequence was repeated 4 times, and 10 non-diffusion weighted (b¼0) volumes were collected.
DTI processing
We used the voxelwise ''Tract Based Spatial Statistics'' (TBSS) method from the Oxford Center for Functional MRI of the Brain (FMRIB) Diffusion Toolbox (FDT) (Smith et al., 2004 (Smith et al., , 2006 . This method identifies a core white matter ''skeleton'' that is anatomically equivalent across subjects. It allows for comparison of diffusion parameters across clinical populations and healthy controls. TBSS avoids spatial smoothing (averaging voxels). By only analyzing voxels of core white matter, it minimizes partial volume effects that can occur when more than one tract goes through a voxel, thereby leading to decreases in anatomical specificity (Smith et al., 2006) .
The DTI parameter analyzed in this study was fractional anisotropy (FA), a ratio from 0 to 1 that indexes the magnitude of diffusion in one direction compared to other directions. FA values are assumed to reflect the directional coherence of axons within a white matter tract. High FA values (closer to 1) are considered evidence of healthy and mature microstructure. DTI images were corrected for eddy current distortions by affine registration to a non-diffusion weighted volume. A tensor model was fit to each voxel (Basser, Mattiello, & LeBihan, 1994) , and FA images were calculated. Because we were analyzing child subjects (Smith et al., 2006) , the FA image of the most representative subject in the study (target) was chosen based on the minimum necessary warping, with FMRIB Software Library's (FSL) non-linear registration tool FNIRT (Andersson, Jenkinson, & Smith, 2007a , 2007b . The target image was sampled to 1 mm 3 resolution and aligned by affine transformation to the Montreal Neurological Institute template (MNI152), allowing us to use standard space coordinates for describing regions. Then, each subject's image was aligned to the target. We found no differences between preterm and control groups in the degree of nonlinear warping using independent samples t-test. This finding strongly suggests that the results of subsequent analyses are not related to biases in warping across groups in the creation of the FA-skeleton.
Using a threshold of FAZ.2 to restrict analyses to white matter, a mean FA image was generated and thinned to create the mean FA-skeleton, a representation of the centers or core of all major white matter tracts common to the group. Finally, each subject's maximum local FA was orthogonally projected onto the FAskeleton. The resulting data was fed into voxelwise cross-subject statistics.
Laterality analysis
In order to determine whether the preterm group showed a different pattern of laterality from the full-term group, we used TBSS results to test for asymmetries in FA as described in FSL and used in other studies (Takao, Hayashi, & Ohtomo, 2011) . A symmetric mean FA-skeleton was generated using the script ''tbss_sym''. The symmetric mean FA-skeleton was restricted to only those parts of the original FA-skeleton that were sufficiently close to being symmetric in terms of the general tract structure between the left and right hemispheres of the brain. Each subject's aligned FA data were then projected onto this symmetric skeleton. The left was subtracted from the right. These difference values were tested for statistical significance to find areas of the FA-skeleton that had greater FA on the left than on the right that were greater in one group than in the other group. The inverse of the difference values were used to find areas of the FA-skeleton that had greater FA on the right than on the left in one group over the other group.
Statistical analysis
Chi-square tests (for categorical variables) and independent ttests (for continuous variables) were used to evaluate betweengroup differences on demographic variables and outcome measures.
Analysis of the FA values of the FA-skeleton at the voxel level was conducted using a permutation-based approach (Nichols & Holmes, 2002) . These analyses controlled for age and set significance at p o.05 after correction for multiple comparisons. Statistical maps were obtained for each voxelwise test in both the positive and negative direction.
First, we analyzed group differences in FA across the entire FA-skeleton.
Second, we analyzed associations of scores on the language and reading measures with FA using two-tailed tests of significance. We generated a map of the regions on the FA-skeleton in which there were significant associations with one or more language or reading functions. Significant clusters of voxels on the FA-skeleton were visually inspected with reference to John Hopkins University (JHU) DTI-based white matter atlases (Hua et al., 2008; Mori, Wakana, van Zijl, & Nagae-Poetscher, 2005; Wakana et al. 2007; Setsu Wakana, Jiang, Nagae-Poetscher, van Zijl, & Mori, 2004) to determine their tract assignments. We used the following criteria to select the clusters of substantial size and specificity in locations along tracts:
1. The clusters were identifiable on the JHU atlas as predominantly a single tract. 2. The clusters have a minimum of 30 voxels. 3. The clusters are contiguous or near contiguous (no more than 12 voxels apart). 4. The mean FA of the cluster is greater than .30.
The mean FA values of these clusters were described in terms of the standard space coordinates (MNI152) for the voxel with the highest average association across the outcomes.
We then used these clusters for region-of-interest (ROI) analyses. Partial correlations, controlling for age, were used to evaluate the degree of association between the mean FA of these regions and each of the outcomes. One-tailed significance tests were used because the direction of association between FA and outcome was already established from the whole FA-skeleton analyses.
To determine if one or more than one tract contributed to the variance in a given language and reading outcome, we performed exploratory multiple regressions (Field, 2009 ). We chose one cluster from the composite map to represent each of the tracts that correlated with the outcomes. For tracts with multiple significant clusters, for each regression model, we selected the cluster with the highest r-value in relation to that outcome. Using this method, for each outcome, the regression model included the cluster with the highest r-value in the univariate analyses. Cluster-FAs were entered into a regression model, and age was included because white matter properties change with age (Asato et al., 2010; Schmithorst et al., 2002) . The final model for each outcome was automatically determined based on mathematical criteria for the stepwise method of regression. This method is preferable to other regression methods when there is no a priori hypothesis about the selection or order of potential predictors (Field, 2009 ).
Results
Behavioral results and overall DTI results
There were no statistically significant group differences in the language and reading scores in this sample of children by independent t-tests (Table 1) .
Associations between the FA-skeleton and language and reading scores
In the preterm group only, voxelwise analysis of the entire FA-skeleton with scores from language and reading tasks showed positive associations with FA for four measures: verbal IQ, linguistic processing speed, syntactic comprehension, and decoding. The regions of significant positive correlation for the different measures overlapped. There were no statistically significant associations negative correlations between scores and FA in the preterm group and no significant positive or negative correlations in the control group with any of the measures.
In order to examine the degree of correlation more closely, we created a single composite map of all voxels that were associated with scores from any of the four measures. This composite map can be conceptualized as the language and reading network for the preterm group. Fig. 1 shows that this network includes 15 tracts distributed across hemispheres: corpus callosum, forceps major, forceps minor, bilateral anterior thalamic radiation, bilateral corticospinal tract, bilateral inferior fronto-occipital fasciculus, bilateral inferior longitudinal fasciculus, bilateral superior longitudinal fasciculus, and bilateral uncinate fasciculus.
Region-of-interest (ROI) analyses
We then identified 22 clusters from the 15 major tracts on the composite map for ROI analyses. Table 2 shows the partial correlations, controlling for age, between the behavioral measures in the preterm group and the mean FA values for the 22 ROIs. Higher language and reading performance on all measures was positively correlated with FA in several white matter tracts in both hemispheres. Note that syntactic comprehension was measured by a z-score of the errors made in sentence comprehension tasks and linguistic processing speed was measured by a z-score of the reaction time. For both of these measures, a negative correlation coefficient indicates that lower FA is associated with poor performance. Syntactic comprehension and decoding scores were correlated with FA in all 15 tracts. All language and reading scores showed a positive correlation with FA in the corpus callosum, forceps minor, bilateral inferior longitudinal fasciculus, right anterior thalamic radiation, right corticospinal tract, and right inferior fronto-occipital fasciculus. All language and reading scores except reading comprehension showed a positive correlation with the FA from the left inferior fronto-occipital fasciculus and left superior longitudinal fasciculus.
We also examined the degree of correlation between FA and outcome measure within the full-term group. Any associations that are statistically significant in the ROI analysis of the full-term group are considered weak because they did not rise to the level of statistical significance in the voxelwise analysis that corrects for multiple comparisons. Because no direction for the correlation was established in the voxelwise analysis, we used a 2-tailed test of significance. We found four positive associations of outcomes and an ROI: verbal memory with the ROI on the right inferior frontooccipital fasciculus (r¼.48 po.05), vocabulary with the ROI at the genu of the corpus callosum (r¼.50, po.05), and linguistic processing speed with the right anterior thalamic radiation (r¼.51, po.05) and with the right uncinate (r¼.50, po.05). We also found six negative associations of outcomes and an ROI: verbal IQ and the right uncinate (r¼ À.51, po.05), vocabulary and the right inferior fronto-occipital fasciculus (r¼ À.49, po.05), verbal memory and the right uncinate (r¼ À.48, po.05), decoding and the right anterior thalamic radiation (r¼ À.47, po.05), and reading comprehension and the right inferior longitudinal fasciculus (r¼ À.48, po.05) and right uncinate (r¼ À.58, po.05).
Regression analysis in the preterm group
Since several tracts correlated with each measure, we performed an exploratory multiple regression analysis for each outcome to determine the tract or tracts that would be the most important independent contributors to that outcome. We found only one significant predictor in each of the final regression models and that predictor was the cluster with the highest correlation in the univariate analyses:
Right inferior fronto-occipital fasciculus for verbal IQ, b¼.66, (Figs. 2-6 ).
Laterality analysis
Using the laterality analysis on TBSS, we found only two small regions (88 and 43 voxels) (Supplemental Figure) on the inferior fronto-occipital fasciculus showed greater left laterality in the controls than in the preterm group. These results indicate that the positive difference between FA in these regions in the left versus right hemisphere was significantly greater in the control group than it was in the preterm group only in these two small regions. We found no other regions in which the controls had greater laterality in the left hemisphere. There were no other laterality differences between groups in either direction in the right hemisphere. Given that the language and reading network included 15 tracts, we do not think that the main associations relate to differences in laterality.
Discussion
Summary of results
Four language and reading measures-verbal IQ, linguistic processing speed, syntactic comprehension, and decoding-were associated with areas of the FA-skeleton in the preterm group in the voxelwise analysis. Contrary to the hypotheses, we found that language and reading measures were not associated with FA in the full-term group in the voxelwise analysis. A bilateral and widely distributed network of tracts was associated with the measures in the preterm group. The network included 22 clusters on 15 bilateral tracts. Multiple language and reading scores were correlated with FA in multiple tracts in the preterm group. Consistent with the hypotheses, language measures were correlated with FA in left and right hemisphere ventral tracts. However, in addition to the predicted associations, we found positive correlations with FA in dorsal tracts. Decoding and reading comprehension were also correlated with FA in bilateral dorsal and ventral tracts. We also found associations beyond the dorsal and ventral pathways, in the corticospinal tract and the anterior thalamic radiation, both running in the inferior-superior direction.
In the regression models, only one tract contributed to the variance in each of the behavioral scores. These results suggest that the FA of different tracts was correlated such that only a single region accounted for the variance in scores. The regression model identified the right inferior fronto-occipital fasciculus (a ventral tract) as making the strongest contribution to the variance in both verbal IQ and syntactic comprehension and the right anterior thalamic radiation as making the strongest contribution to the variance in linguistic processing speed. The bilateral forceps minor made the strongest contribution to the variance in receptive vocabulary and verbal memory. A midline structure, the genu of the corpus callosum, made the strongest contribution to the variance in decoding skills. The left uncinate fasciculus (a ventral tract) made the strongest contribution to the variance in reading comprehension.
Language, reading, and white matter in children born full-term
We did not find significant associations between language or reading measures and FA within the full-term group in the voxelwise analysis. When we restricted analyses to the ROIs that were significantly associated with measures in the preterm group, we found weak associations in both the positive and negative directions. We recognize that the sample size is modest and the language and reading performance of the participants above the mean with a small standard deviation. We may not have had sufficient sample size or variation among scores to detect significant associations. However, other studies of children find that favorable behavioral outcomes are negatively associated with FA in healthy and typically developing children Odegard et al., 2009; Yeatman et al., 2011) . Explanations for the relatively low FA in association with relatively high performance has been attributed to decreased dendritic branching or crossing fibers, and fewer but larger axons, factors that could contribute to relative increases in FA. Moreover, it is possible many factors in addition to white matter characteristics may contribute to individual differences in language and reading abilities in the full-term group, thereby diluting any associations of FA and language or reading scores. Mullen and colleagues (2011) also did not find associations between language or reading and FA in the full-term group in their study.
White matter and language and reading in children born preterm
The network associated with language and reading included bilateral long-range fasciculi and the corpus callosum. In this next section we will discuss the network in terms of the dorsal and ventral pathways proposed to serve language and reading functions.
Dorsal pathways
The left superior longitudinal fasciculus and segments of the arcuate fasciculus have long been considered important components of the language network because they connect Wernicke's and Broca's area as the dorsal stream (Friederici & Friederici, 2009) . The dorsal stream bilaterally appears to be important in individual differences in language processing in children born preterm based on the positive associations of language measures with FA in the superior longitudinal fasciculus. All measures except reading comprehension were associated with the left tract and four of seven measures were associated with the right tract, but neither side accounted for the variance in the multiple regression analyses. Interestingly, previous studies of preterm groups using other DTI analytic approaches have not found significant correlations between language functions and FA of the superior longitudinal fasciculus (Constable et al., 2008; Mullen et al., 2011) . The superior longitudinal fasciculus shows wide variation in size and shape among individuals (Yeatman et al., 2011) reducing the likelihood of finding associations unless tractography in native space is used. In addition, in several studies regions associated with reading appear to be part of the inferiorsuperior axis, including the corona radiate, rather than are part of the posterior-anterior axis or the superior longitudinal fasciculus. Future analyses using tractography may clarify which tracts are associated with the language and reading skills in this sample.
Ventral pathways
The ventral pathways associated with language measures included the inferior fronto-occipital fasciculus that courses from the occipital to frontal lobe, the inferior longitudinal fasciculus that connects posterior regions to the anterior temporal lobe, and the uncinate fasciculus that courses between the anterior temporal lobe and frontal lobe. In the regression analysis, FA of the right inferior fronto-occipital fasciculus accounted for most of the variance in verbal IQ. These findings are consistent with previous findings that children and adolescents born preterm show significant associations of right-sided ventral pathways and language measures. We were initially surprised to find that the right inferior fronto-occipital fasciculus was also the tract most highly associated with syntactic comprehension because of the long history of neuropsychology research implicating the left hemisphere in syntactic processing (Friederici & Friederici, 2009 ). The tasks used in this study required the participant to interpret a sentence and determine whether a subsequently presented picture depicted the meaning of the sentence. This complex task required not only analysis of grammatical features but also sentence-level comprehension and other processes to come to accurate interpretation. The processing is a complex combination of various kinds of computations that likely requires the collective activity of a distributed network involving multiple systems (Hickok & Poeppel, 2004) . Associations of language functions with right-sided tracts are consistent with the findings within the preterm group in other studies (Mullen et al., 2011) .
The pathway that explained most of the variance in reading comprehension in the preterm group was the left uncinate fasciculus. Other studies have found that the uncinate fasciculus bilaterally is associated with verbal IQ (Constable et al., 2008) and receptive vocabulary (Constable et al., 2008; Mullen et al., 2011) . The uncinate fasiculus courses from the temporal lobe to the frontal lobe. Therefore, it may be important for carrying semantic and conceptual information to the frontal lobes for integration and processing. We are not certain why the left uncinate fasciculus is more associated with reading comprehension than the right uncinate fasciculus, particularly given the findings of right ventral pathway associations for other functions. Decoding skills were associated with the corpus callosum, suggesting that both hemispheres may be collaborating in reading processes.
Corpus callosum and bilateral forceps
The corpus callosum and its extensions to the forceps major posteriorly and forceps minor anteriorly were important parts of the network and the main tracts associated with verbal memory and receptive vocabulary. These tracts provide inter-hemispheric connections. Functional imaging studies find that aspects of language, such as syntactic processing, generally activate the left hemisphere, and different aspects of language, such as metaphor interpretation, activate the right hemisphere. One intriguing explanation for the importance of midline and bilateral structure in this study is that children born preterm draw on multiple concurrent strategies to remember long sentences and to identify vocabulary items. They must integrate information from multiple semi-specialized brain regions to accomplish their tasks. Because of the requirement for integration, FA of the corpus callosum might be associated with language function.
The corpus callosum accounted for most of the variance in decoding in this study. The corpus callosum has been implicated in reading functions in studies of otherwise healthy good and poor readers Odegard et al., 2009) However, in these studies the direction of association is negative; the good readers have lower FA than the poor readers. Yeatman et al. (2011) also found negative associations of phonological awareness and FA of the arcuate fasciculus. Our confidence in our findings of positive correlations in the corpus callosum is increased because Andrews et al., 2010 similarly found that the genu of the corpus callosum was the midline structure most highly associated with decoding using a different analytic methodology on a different sample of children.
We are not certain how to explain the differences in the direction of association between groups. Dougherty and colleagues (2007) hypothesized that the good readers in their study may have a higher proportion of large axons and therefore a lower density of cell membranes in the perpendicular direction, accounting for higher radial diffusivity in the good readers. They offer a less likely alternative, that the membranes and myelin sheaths in healthy good readers are more permeable to diffusing water. We found that within the ROIs in which there was a consistent positive association of language and reading measures within the preterm group, there were ROIs with weak negative associations between language and reading in the full-term group. The meaning of high FA may differ in different clinical populations. FA is higher within selected tracts among individuals in clinical populations than within the same tracts in healthy participants in William syndrome (Arlinghaus et al., 2011; and attention-deficit/ hyperactivity disorder (Davenport, Karatekin, White, & Lim, 2010) , both conditions associated with relatively weak skills. Future imaging studies using methods sensitive to the amount of myelin will be important for understanding the factors associated with FA in healthy and clinical populations and direction of association between FA and behavioral outcomes, such as reading.
Additional tracts
The right anterior thalamic radiation accounted for the variance in linguistic processing speed. This tract in the medial portion of the internal capsule connects the anterior and medial thalamic nuclei to the frontal lobe. Using voxel-based lesionsymptom mapping, this region has been associated with processing speed in a large sample of adults with cerebral small vessel disease (Duering et al., 2011) . Anisotropy of the right anterior thalamic radiation has also been associated with executive function and working memory abilities in individuals with schizophrenia (Mamah et al., 2010) .
Other tracts that were found as part of the network included the corticospinal tracts and the forceps major. We suspect that these tracts have associations with language and reading measures because of the complex tasks that were used in this study that require the integration of multiple different processes in terms of understanding and also in producing required responses. The splenium of the corpus callosum has been implicated in reading tasks Frye et al., 2008; Odegard et al., 2009) , possibly because the need in reading to link visual processing to language processing.
Laterality analysis
Though the visual appearance of the T1 weighted images of the preterm group suggested that there might be more injury on the left than the right, the laterality analysis showed no major changes in white matter laterality in the preterm group with the exception of two small regions of the inferior frontal-occipital fasciculus. These findings indicate that throughout most of the white matter network, laterality in the two groups is comparable using the TBSS technique. These findings indicate that the relative FA of either hemisphere does not account for the level of the correlations.
Limitations
The study utilized a convenience sample that may not be representative of all children born preterm. The sample had a range of gestation ages at birth and ages at scanning, which may introduce variability to the results. However, increased variation may also facilitate finding associations, particularly between structure and function. The sample size was modest and included high-functioning preterm children. The DTI analysis method of TBSS is conservative in that it focuses on the centers of white matter tracts and may not detect peripheral damage in the tracts. Tractography may allow for more sensitive analyses of FA within white matter tracts in relation to language and reading.
Conclusions and future directions
In this DTI study using TBSS, we found that FA was positively associated with performance on several language and reading measures in a relatively high-functioning sample of preterm children and adolescents. Multiple regions from several tracts were associated with the measures. However, only a single tract explained most of the variance in these outcomes, suggesting that white matter microstructural properties are highly correlated throughout the brain in the preterm group. We plan to confirm these results in this sample using tractography in native space in order to increase confidence in the results obtained with TBSS. In the future analyses of this sample, we will also add measures of white matter volume because of the significant associations of volume and outcomes in full-term (Yeatman et al., 2011) and preterm children . In the future, longitudinal analyses of language and reading in relation DTI and other neuroimaging methods from young ages through adolescence may be able to increase our understanding of the long-term impact of prematurity on brain structure while simultaneously providing insights into the contribution of development and plasticity on outcomes (Ment et al., 2009 ).
